Abstract-We designed and fabricated an electrically small antenna (ESA) with coplanar waveguide (CPW) matching circuit. Matching circuit is realized by using an interdigital gap and a transmission line. We designed ESA with the aid of the commercial three-dimensional electro magnetic field simulator. We also made experiments on the ESA with CPW matching circuits using patterned circuit board.
INTRODUCTION
Studies are made of an electrically small antenna (ESA), i.e., the antenna whose dimension is much smaller than onewavelength, towards further reduction of the antenna size in order to realize ubiquitous wireless systems [1, 2] . It is widely known, however, that in order to realize the miniaturized antenna. Moreover, we must simultaneously realize a broadband impedance matching circuit, which compensates the narrow bandwidth peculiar to the small antenna with low radiation resistance, and we must attain large impedancematching ratios to connect with semiconductor amplifiers with high internal impedances. Also, the small antenna is sensitive to the conductor resistance because of its low radiation resistance, and the decrease of the radiation efficiency often makes serious problem.
Slot antennas with coplanar waveguide (CPW) feed line are preferable for monolithic microwave integrated circuit (MMIC's) and RFIC (radio frequency integrated circuit) since no via holes are required for integration with devices [3] [4] [5] .
In our previous works, we designed a one-wavelength slot dipole antenna and a half-wavelength slot loop antenna with a bandpass filter using CPW lines, which acts as an impedance matching circuit as well [6] [7] [8] [9] . Also, we have designed a slot dipole antenna whose dimension is much smaller than one wavelength with aid of EM-simulator, and carried out the experiments using high temperature superconductors YBCO thin film on the MgO substrate with relative permittivity of 9.6 in the 5.0 GHz band [10] .
In this paper, we design the impedance matching circuit, which connects an ESA fabricated on the normal metal to a semiconductor amplifier. The proposed matching circuits have performances similar to those of the n-pole bandpass filter (BPF) [ 1] . By The present matching circuit is based on the bandpass filter (BPF) composed of the transmission line and J-inverters. Fig.   5(a) (1) where, w is the relative bandwidth and gi is the filter parameter. Fig. 5(b) shows the equivalent circuit model of the Fig. 5(a) at the center frequency. In the figure, G's and G'L, and Qei are the equivalent conductance and external quality factor, respectively. Fig. 6(a) shows the equivalent circuit model for the smallest matching circuit, corresponding to BPF with n=1. In this figure, Za (=I1Ya) denotes the input impedance of ESA and ZL (=1/YL) represents the input impedance of LNA or the output impedance of PA. Zol (=1 Yo1) and Oi are characteristic impedance and electrical length of the transition line. Fig. 6(b) shows the equivalent circuit model of the Fig. 6(a) at the center frequency. In Fig. 6 
Fig. 7 shows the simulated layout of the ESA with CPW transmission line which has Zol and 00, (See A-A' in Fig. 6 (a) ).
Fig. 8 shows the frequency dependence of the Y. We can see the parallel resonance around 2.4 GHz. Fig. 9 shows the layout of ESA with CPW matching circuit. In order to realize 002 and Cm, we adopted the interdigital gap and CPW transmission line, where ZL is assumed to be ZO=50 .1 -I 11 Q by the experiment to be convenient. Fig. 10 shows the input impedance (Zi,), which is the impedance for looking the antenna from B-B' in Fig. 6 and Fig. 9 . Fig. 11 shows the return loss and Smith chart of the ESA with CPW matching circuit. Zin is almost 50Q around 2.4 GHz, so that, return loss is -32.58 dB at 2.4 GHz. Fig. 12 shows the simulated radiation pattern of the ESA with CPW matching circuit. T zin
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
An ESA is fabricated on FR4 substrate by using the print board making equipment (MITS; FP-2 IT model 40), which has 100 tm-diameter milling cutter. Fig. 13 shows the photographs of the ESA with CPW matching circuit. In the figure, an interdigital gap is also shown. RF signal is input through MMCX connecter, which has characteristic impedance = 50 Q. We measured the S-parameters by using a GP-IB controlled vector network analyzer (HP; HP8722C). Fig. 14 shows the experimental results of the return loss of the ESA with CPW matching circuit. The observed experimental results are caused by an error in edge part of the interdigital gap (see Fig. 13 
V. CONCLUSIONS
In this paper, slot dipole antenna with a bandpass filter have been designed and tested. We succeeded in realizing the circuit which matches the small radiation resistance of ESA to
